We present a theoretical investigation of the effect of spin manipulation of polaron pairs ͑PPs͒ on the conductivity of organic semiconductors. Control of the PP spin state is achieved using pulsed electron-spin resonance. We demonstrate that manipulation of PPs will result in changes in the free-polaron density in the material, with corresponding changes in the conductivity due to the contribution of PP dissociation to the free-carrier density. The time-dependent form of this conductivity change following spin resonant perturbation is determined, and the effect of a number of experimental variables investigated. We find that, under certain conditions, these time-dependent current measurements reveal the dynamics of PP intersystem crossing. We compare these predictions with previous experiments on organic light-emitting diodes made of poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ and conclude that PP intersystem crossing times isc in this material may exceed 10 s at low temperatures.
I. INTRODUCTION
Semiconducting organic polymers are an interesting class of materials, 1 with a wide range of applications. Arguably, the most important of these applications is electricity-light conversion, when the material is incorporated in either an organic light-emitting diode ͑OLED͒ or an organic solar cell. [2] [3] [4] [5] [6] [7] The ability of this material to perform such functions is directly related to the generation, dissociation, and recombination of polarons and polaron pairs ͑PPs͒. 8, 9 Recombination of PPs is strongly influenced by the spin of the constituent polarons; in most materials those pairs in triplet spin states are unable to recombine radiatively and are thus unable to contribute to light emission in OLEDs. When the formation of pairs is dominated by spin statistics, 75% of PPs are unable to emit light and can be considered wasted. A number of ways to overcome this limitation exist, including nonstatistical pair formation 10 and intersystem crossing. However, there is still significant debate over which ͑if any͒ of these processes are important in organic semiconductors. [11] [12] [13] There is also particular uncertainty regarding the magnitude of the PP intersystem crossing time, with estimates ranging from ϳ100 ps ͑Refs. 14 and 15͒ to over 10 s ͑Refs. 16 and 17͒ in poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ ͑MEH-PPV͒, a typical organic semiconductor. Correctly determining the intersystem crossing rate is fundamentally important, as it is directly related to efficiency limitations in organic devices.
In this paper, we outline a simple method to quantify the intersystem crossing rate of the exciton precursor states, i.e., the rate at which PPs incoherently transitions between the singlet and triplet manifolds. We note that a similar approach has been used to determine the spin mixing rate between triplet sublevels at zero field, 18 although the relevance to organic semiconductors has not been noted. We utilize the results obtained to set an upper limit on intersystem crossing rates by inspecting data from previous studies on MEH-PPV devices.
II. SPIN MANIPULATION USING ELECTRON-SPIN RESONANCE
To investigate spins it is useful to be able to manipulate them. A technique of particular use is electron-spin resonance ͑ESR͒. 19 This technique is generally implemented by applying microwaves with a fixed frequency to a sample while an external magnetic field is swept. When the Larmor precession frequency of the spins ͑which is proportional to the energy splitting between spin eigenstates, as tuned by the Zeeman interaction with the magnetic field͒ corresponds to the frequency of the applied microwaves, the spins will precess between the eigenstates. These Rabi oscillations can occur with frequencies approaching 10 8 Hz, 20 much faster than most electronic processes involving polarons in organic materials.
While ESR is a remarkably useful tool for investigating the properties of large ensembles of spins, it has limitations when the number of spins to be investigated is small, such as in the thin films utilized for organic electronics. Due to the detection method-usually measuring the absorption of the applied microwaves-the number of spins that can be observed by standard ESR is generally considered 19, 21 to be limited to ϳ10 9 . One way to overcome the number limitation is to use ESR to manipulate the spins but to employ another method to detect the spin state. As a result, electrically detected magnetic resonance ͑EDMR͒, where the resonant excitation is applied conventionally, but detected via the effect the spin manipulation has on the device current, can allow investigation of extremely small spin ensembles in device architectures. 22 This technique has been widely used in organic semiconductors in the incoherent regime. [23] [24] [25] [26] Recently, we have demonstrated that it is possible to monitor the coherent manipulation of PPs between the singlet and triplet manifolds in OLEDs by measuring the effect this manipulation has on the current through the device. [27] [28] [29] A brief outline of how the spin manipulation leads to modulation of the device current was given in Ref. 27 ; here, we expand on this work, in particular, discussing the effect random intersystem crossing between the singlet and triplet states has on the current transients observed after coherent spin manipulation.
The results outlined here demonstrate how a simple, pulsed EDMR ͑pEDMR͒ experiment can place a lower limit on the intersystem crossing time of PPs. We then use this result to discuss recent pEDMR measurements on a number of prototypical devices based on MEH-PPV.
III. RATE EQUATIONS
In this section, we will discuss the formation, dissociation, and recombination of PPs in organic semiconductors. While we note that there is some discussion surrounding the exact nature of charge carriers in many organic materials, [30] [31] [32] in the work described here we utilize a polaron picture, as polarons are generally regarded to be the dominant charge carrier in semiconducting polymers, particularly MEH-PPV, 33 which we use here as a model system. We note that this distinction is not germane to our argument-indeed, identical arguments to those given below could be given for pairs of alternative charge carriers-such as bare electron-hole pairs-which may be present in organic semiconductors. Figure 1 shows a diagram of the important processes. Polarons travel through the material until two of them become Coulombically coupled, forming PPs. These pairs may either dissociate back to free polarons 34 or become highly coupled, forming excitons, which may recombine either radiatively or nonradiatively. PPs may also undergo intersystem crossing, incoherently moving between singlet and triplet configurations due to interactions with the environment. Such random incoherent singlet-triplet transitions may arise, for example, due to spin-orbit coupling, although we note that spin-orbit coupling between the singlet and triplet states of Coulombically bound pairs in organic semiconductors is expected to be negligible. 35 Figure 1 shows an idealized rate picture for a system consisting of two populations of PPs, with exclusively singlet ͑PP S ͒ or triplet ͑PP T ͒ content, and densities n S ͑t͒ and n T ͑t͒, respectively. We make no assumption regarding the time dependence of the total number of PPs, N͑t͒ = n S ͑t͒ + n T ͑t͒-particularly, we do not require that the total number of PPs is conserved.
The two sets of rate coefficients, k S and k T , and d S and d T , respectively, signify exciton and free-polaron formation, and are not assumed to be equal. We define ⌫ S = k S + d S and ⌫ T = k T + d T , which we will refer to as the PP loss rate. The generation rates, G S and G T are assumed to be constant in time and may or may not be spin dependent ͑i.e., not necessarily equal͒. The formation of PPs may be achieved in a number of ways. Electrical injection of electron and hole polarons which form pairs due to their Coulombic interaction is assumed, in this work, to result in G T =3G S due to the statistics of random spin selection. Alternatively, optical excitation 36 can be used to generate PPs, almost exclusively in the singlet state, in which case we would choose to set G T = 0 in this model.
The spin-relaxation rate, k SR , characterizes the time taken for the spins to return to thermal equilibrium. This time is also often called the intersystem crossing time. As some confusion exists in the literature regarding the definition of intersystem crossing, we define it here explicitly as a "radiationless transition between two electronic states having different spin multiplicities." 37 We note that this definition does not consider the underlying physical mechanism which leads to the transition. We then define ͑without loss of generality͒ the energy difference between singlet and triplet PPs ⌬E = E͑PP S ͒ − E͑PP T ͒. A system where the singlet has a lower energy than the triplet gives a negative ⌬E. The Boltzmann factor for these populations is f = e −⌬E/k B T , and we define = 1 1+f as the fraction of PPs in the triplet state ͓which leads to ͑1−͒ as the fraction in the singlet state͔. We note that, for spin resonance between the singlet and triplet states, ⌬E = h, where is the resonant frequency.
To determine the effect of spin manipulation on this system, we model such manipulation as an instantaneous transfer of PPs from one spin state to another. By using a statistical rate picture for the resulting ensemble of spontaneous electronic transitions, we can calculate the corresponding population density dynamics as the system returns to its steady state. 38, 39 This rate picture allows us to calculate the electrical conductivities S and T , which arise due to dissociation of singlet and triplet PPs.
IV. POPULATION DENSITY DYNAMICS
To determine the current we must first find the timedependent PP density. To do this, we consider the standard rate equation for the PP S and PP T , These pairs may either dissociate back to free polarons ͑d S , d T ͒ or become highly coupled, forming excitons ͑singlet, SE, or triplet, TE͒, which may recombine either radiatively or nonradiatively. PPs may undergo intersystem crossing, incoherently moving between singlet and triplet configurations due to interacting with the environment ͑with the rate k SR ͒.
where n S therm ͑t͒ = ͑1−͒N͑t͒ and n T therm ͑t͒ = N͑t͒, again noting that N͑t͒ = n S ͑t͒ + n T ͑t͒, leading to a coupled system of inhomogeneous differential equations. Note that n S therm ͑t͒ and n T therm ͑t͒ are used rather than the steady-state solutions, n S 0 and n T 0 , as the total density of PPs is not constant with time.
A. Steady-state solutions
The steady-state solutions to the rate equations, found by setting dn S / dt = 0 and dn T / dt = 0, are given by
where n S 0 and n T 0 are the steady-state PP S and PP T densities, respectively.
The steady-state values are shown in Fig. 2 for = 0.5 ͑corresponding to ⌬E =0͒ and G T =3G S , corresponding to electrical injection of polarons, and Fig. 3 for = 0.99 ͑cor-responding to ⌬E Ϸ 4.6k B T͒ and G T = 0, corresponding to the case of optical excitation. Both these figures also show ␦n, the difference in population between PP S and PP T .
In the limit of very large or very small k SR , we obtain the steady-state values shown in Table I . For fast k SR we obtain a Boltzmann distribution between the two states ͑i.e., = f͒. However, in the limit of extremely slow k SR we obtain steady-state populations equivalent to two independent systems ͑which is indeed what we have when k SR → 0͒.
B. Solution of the rate equations
The transient solutions to the rate equations are given by
where A 1,2 and B 1,2 are amplitudes, and ⌫ 1 and ⌫ 2 are the rates defined below. We can simplify further by noting that at t =0, n S ͑0͒ = A 1 + A 2 + n S 0 and n T ͑0͒ = B 1 + B 2 + n T 0 . As we are interested in the transient response following resonant excitation between the PP S and PP T populations, we can define the change in population due to such a process as ⌬n = ͓n S ͑0͒ − n S 0 ͔ =−͓n T ͑0͒ − n T 0 ͔ since the number of PPs is conserved during the short microwave pulse which perturbs the spin populations ͑noting that ⌬n Յ ␦n͒. This leads to A 2 = ⌬n − A 1 and B 2 =−⌬n − B 1 , resulting in a biexponential decay of the singlet and triplet PP densities according to
where the rates are given by Here, = 0.5. At small SR , the population distribution approaches the thermal distribution, and at high SR it is determined by the generation and recombination rates.
We note that ⌫ 2 Ͼ⌫ 1 .
The coefficients can be written as
There are a number of interesting cases to consider, particularly in the limit that k SR is very large or very small. The limiting coefficients and rates are shown for these cases in Table II . The rates and coefficients obtained here will be discussed in detail in the next two sections.
V. MODELING CONDUCTIVITY USING REALISTIC EXPERIMENTAL PARAMETERS
In this section, the results obtained above will be used to model the transient form of the PP recovery to the steady state after resonance-induced perturbation of the singlet and triplet densities. For all the simulations presented here, we will use the values shown in Table III . These parameters were chosen to be similar to experimentally obtained values on MEH-PPV at low temperature, 27 recalling that
We have also chosen = 0.5 ͑i.e., ͉⌬E͉ Ӷ k B T͒, corresponding to thermal energies much larger than the singlet-triplet splitting of the PPs, ⌬E. The rates are considered for the case of electrical injection of charge carriers by setting G T =3G S to reflect the statistical generation of spin pairs from injected free polarons.
Time constants
The rate coefficients ͑⌫ 1 , ⌫ 2 ͒ obtained using the given parameters are plotted in Fig. 4 as a function of the intersystem crossing time, SR =1/ k SR .
The limiting values of ⌫ 1 and ⌫ 2 , in the limits k SR → 0 and k SR → ϱ, are given in Table II . We see that, in the limit k SR → 0, ⌫ 1 and ⌫ 2 are equivalent to the rates that would be expected for two independent systems ͑which is indeed the situation we have͒, as illustrated in Fig. 5͑a͒ . As k SR increases, a more complicated picture arises, due to the fact that as well as equilibrating as individual systems, intersystem crossing also contributes to returning the system toward the thermal distribution. A problem arises due to the fact that, while this equilibration takes place, the total number of PPs is not conserved. Thus, the transient can exist even after the thermal distribution-but not the steady-state population-is recovered. The transient in this situation is most obvious when k SR Ϸ͑1−͒⌫ S + ⌫ T as this provides both a reasonable thermalization time as well as a significant change in the total PP density. The dashed lines in Fig. 4 show these limiting cases for the specific values used in that calculation.
In the limit of very fast k SR , the values of ⌫ 1 and ⌫ 2 approach k SR and ͑1−͒⌫ S + ⌫ T , respectively. However, in this limit, it is the exponential with exponent k SR which dominates; the recovery of the thermal population distribution happens so quickly that the total PP density remains effectively constant, leading to a vanishing coefficient to the longer exponential term. We will discuss this in the next section.
Finally, the analytic solution for the two rates allows us to place an upper limit on k SR . We find that
irrespective of the value of k SR , as illustrated in Fig. 4 . As a result, if we are able to experimentally identify the two time constants, the spin mixing rate will be smaller than the larger of the two rates, as ⌫ 2 Ͼ⌫ 1 . ͑Alternatively, we can say that the spin mixing time will be longer than the shorter of the two biexponential lifetimes, i.e., SR Ͼ 1 / ⌫ 2 .͒ We note that a number of the above results also hold for the case of optical generation of PPs, obtained by setting G T = 0. Since the rate constants discussed in this section do not depend on the PP generation rates, the results hold for both electrical and optical generation of carriers. The impact of the type of generation is seen in the steady-state population, which determines the sign of ⌬n through the imbalance in the steady-state singlet and triplet PP populations. As the steady-state population is determined by the generation, dissociation, and recombination rates, k SR and ⌬E, dramatic changes in the generation rate will determine whether n S 0 TABLE I. Limiting values for the steady-state singlet and triplet population densities.
. This imbalance will change the sign of the transient, but not the rate constants, provided all other rates remain the same.
VI. OBSERVATION OF POPULATION DYNAMICS BY TRANSIENT CONDUCTIVITY MEASUREMENTS
As discussed above, electrical detection of magnetic resonance requires a way to transduce the spin information of the carriers involved to the bulk conductivity. This can occur in a number of ways; spin-dependent trapping, 40 scattering, 41, 42 and hopping are phenomena arising from Pauli blockade and have all been used to observe EDMR. Of particular interest in the study of organic semiconductors is spin-dependent recombination and dissociation of PPs, as these processes dominate the optoelectronic properties of these materials. These mechanisms are illustrated in Fig. 1 . We now consider the device conductivity, which is proportional to the macroscopic observable ͑current͒ in our measurement. The electrical conductivity is given by
where 0 is a large nonvarying conductivity due to all transport mechanisms present in the device, such as free polarons which are generated by electrical injection or direct optical excitation; S and T are the conductivities due to free carriers obtained from the dissociation of PPs for the singlet and triplet PPs, respectively. These conductivities are given by
where e͑h͒ is the mobility of a free-electron ͑hole͒ polaron, e the charge on a free carrier, n 0 the steady-state free-polaron density, and the free-carrier lifetime. We replace ͑ e + h ͒ with 2, where = ͑ e + h ͒ / 2, the average carrier mobility. We note the seminal work of Bozano et al. 43 demonstrated that under operating conditions e Ϸ h in MEH-PPV, although this is not a necessary assumption.
From the above equations, we can see that the conductivity due to PP dissociation is directly dependent on the density of PPs in each state. As a result, varying the PP spin populations will result in a change in the total conductivity of the device. Since we are only interested in the change in the conductivity, ⌬, we can ignore the steady-state component of the population and focus only on the time varying part.
The transient current following spin excitation is therefore given by
The expected transient response of the current through an OLED under forward bias, as a function of the characteristic time scale for intersystem crossing, is given in Fig. 6 . The parameters used for this calculation are those summarized in Table III .
It is illustrative to consider the limiting cases which are given by
for k SR → 0 and
In both cases, the conductivity transient has the form of a double exponential recovery, although in the case where k SR → ϱ, the transient signal becomes vanishingly small.
Finally, we note that, depending on the details of the lightemission process from the system, the arguments put forward above could also be made for optical detection of spin manipulation effects in organic materials 44 by replacing the dissociation rates ͑d S , d T ͒ with the recombination rates ͑k S , k T ͒ in Eqs. ͑15͒ and ͑16͒ and recording the photon rather than the charge flux.
VII. COMPARISON WITH EXPERIMENTAL RESULTS
We will now use these results to analyze experimentally obtained current transients in OLEDs. Figure 7 shows the resonant change in current through an MEH-PPV OLED operated in the forward bias regime ͑i.e., under light emission͒ at a temperature of 15 K. The electrical injection of charge carriers and subsequent statistical pairing of polarons results in G T Ϸ 3G S , the same situation as that modeled in Sec. VI above. Following spin manipulation between the singlet and triplet manifolds, the device current is observed to display the predicted enhancement-quenching transient as the singlet and triplet populations relax back to their equilibrium value, If, however, we attempt to include a spin mixing rate faster than ϳ10 s, the model is unable to reproduce the data. This is a consequence of the result shown in Eq. ͑13͒, where we see that k SR Ͻ⌫ 2 . We can thus place a lower limit on the spin-lattice relaxation time, SR Ͼ 8.5 s. This time is much longer than what is generally assumed for such materials, 11, 45 and in good agreement with recent estimates ͑ SR =30 s͒ of the spin-lattice relaxation time of MEH-PPV polarons derived from deconvoluting frequency-dependent measurements of spin-dependent optical processes. 12, 16 Similarly, the data in Fig. 2 Table III . As can be seen, ⌫ 1 is always less than ⌫ 2 , and ⌫ 2 is always greater than k SR . The two limiting cases of spin relaxation for which the rate coefficients are determined. Intuitively, the limit for k SR → 0 corresponds to two independent systems, whereas the limiting case k SR → ϱ generates a single system with dissociation and recombination rates given by Boltzmann factor weighted averages. circuit condition. In this configuration, we expect that G S ӷ G T , resulting in a quenching-enhancement form of the current transient, opposite to that observed with electrically injected polarons. Such an inversion of the current transient is indeed observed in OLEDs acting as photodiodes, 27 when compared to OLEDs operating under electrical injection. The faster time constant of the current transient should again provide a lower limit of the spin-lattice relaxation rate. In this experiment, the fast time constant is similar to the response time of the amplifier used to measure the current, however, deconvolution of the two times gives a value of SR տ 2.5 s. This time is in agreement with the prediction in our earlier work that SR Ͼ T 2 Ͼ 0.5 s, where T 2 is the spin phase coherence time.
27

VIII. CONCLUSION
We have used a statistical model to determine the expected form of the transient response of the current through an organic semiconductor device following microwave spin excitation which mixes the singlet and triplet states when electron-spin-resonance conditions are satisfied. We find that the current transient resulting from this perturbation has the form of a biexponential recovery. In particular, we find that the faster of the two time constants is always faster than the PP intersystem crossing time, and as such provides a straight forward way to place a lower limit on the spin-lattice relaxation time. We have used this result to demonstrate that, for some experimental parameters, 28 the PP intersystem crossing time exceeds 10 s in MEH-PPV OLEDs. The investigation presented here provides a unique method for placing limits on the intersystem crossing times in PPs, as the procedure does not require the use of complicated pulse schemes, but merely the observation of transient recovery to the steady state following perturbation of the steady-state spin populations. Comparison of the result of direct measurements of the intersystem crossing rate, using electrically detected inversion-recovery pulse schemes, 46 to the observed transients would provide an important test of this model.
Finally, we note that the results presented here challenge a number of assumptions found in the literature regarding the dynamics of PPs in organic semiconductors. For example, this work is at variance with the previous assumption of equal singlet and triplet populations under optical excitation, 11, 47 as such a situation would not result in a conductivity change under spin resonance.
